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Abstract
Background: the capability of cyclodextrins of forming complexes with different substrates in 
aqueous solution,  improving consequently the solubility of such compounds,  has aroused the 
attention  from the  pharmaceutical  industry.  Cyclodextrins  are  cyclic  oligosaccharides,  mainly 
made up of 6 to 8 glycopyranose units and they can be found in nature or can be artificially 
synthesized.  
Purpose: the aim of this project is to investigate the interaction between 2 kinds of cyclodextrins 
-β-cyclodextrin and hydroxypropyl-0.6-β-cyclodextrin- with 3 kinds of bile salts - glycocholate 
(GC),  glycodeoxycholate  (GDC)  and  glycochenodeoxycholate  (GCDC),  using  isothermal 
titration calorimetry (ITC) and determine the binding constants and thermodynamics parameters 
for each different cyclodextrin and bile salt combination under different temperatures: 25, 30, 40 
and 50 oC. The lowest temperature was chosen based on what has been previously cited in the 
literature, while the highest temperatures were meant to test the interaction of cyclodextrins and 
bile salts in the highest temperature range possible using ITC.
Results:  The interaction of cyclodextrins and bile salts presented a 1:1 binding relation.  The 
binding constant for GCDC and both cyclodextrins were highest when compared to the other bile 
salts.  The  entropy  and  enthalpy  changes  for  all  the  interactions  between  bile  salts  and 
cyclodextrins  decreased  with increased  temperature.  The  standard  Gibbs  free  energy has  not 
changed  significantly  when  going  from 25°C  to  50°C  for  each  interaction,  which  indicates 
enthalpy-entropy compensation.
Conclusions: Our data and analysis suggest that β-cyclodextrin binds stronger to GC and GCDC 
than hydroxypropyl-0.6-β-cyclodextrin does. GCDC binds strongest and this may be due to the 
absence of a hydroxyl  group on C12 (C-ring of the bile salt) which makes the bile salt more 
hydrophobic and thus increases the binding constant (K) and decreases the heat capacity change 
(∆Cp) of the interaction and therefore also the change in the accessible surface area (∆ASA). 
Hydrophobic hydration may be the reason for the entropy-enthalpy compensation that has been 
observed when temperature increases.
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1. Introduction
Since 1891, when cyclodextrins (CD) were first described by A. Villiers (Coly and Aaron, 1998 
p.129), interest has continually grown for the usage of different applications, especially within 
the pharmaceutical industry for using cyclodextrins for drug administration. This is due to the CD 
ability to form aqueous complexes with other chemical compounds, whether they are organic or 
inorganic.  
CDs are also known as cyclo oligosaccharides and consist of α-1,4-D-glucose units, which are 
formed by the breakdown of starch by enzyme amylase of B. Macerans (Cameron and Cooper, 
2002 p. 279). They are bonded together to form a cone shaped molecule where the interior part of 
the cone is hydrophobic and the exterior part is hydrophilic. This presents the CD with the ability 
to contain a  guest molecule inside its cone structure that is otherwise insoluble in an aqueous 
solution  and  still  be  able  to  dissolve  in  water.  This  ability  leads  to  the  drug  administration 
application.
In order for the guest molecule to be removed from the CD's interior it can be out-competed by 
another  molecule,  which  in  this  case  are  bile  salts  (BS).  These  molecules  are  water-soluble 
steroids and play an important role in the absorption and digestion of lipids and lipid-soluble 
vitamins. Bile salts are found in the duodenum and since they are water-soluble, and are thereby 
impermeable to the cell membranes, the high concentration of these BS facilitates the formation 
of micelles for lipid absorption (Stamp and Jenkins, 2008 p. 1-3). 
Due to the BS good ability to interact with certain molecules in our digestive system it is of great 
interest to understand the binding dynamics between CDs and BS. Such studies have been done 
before, though they seem to focus on the reaction of certain chemicals and molecules. This study 
concentrates on the complexation of the most common CDs and BS under different temperatures 
(25, 30, 40 and 50ºC) and is monitored by using Isothermal Titration Calorimetry (Microcal VP-
ITC).  This can give us an understanding on whether  there is  a change in binding behaviour 
between CDs and BS when the temperature is increased.
2. Theoretical Part 
2.1 Cyclodextrins
Figure 1: Molecular structure of the 3 most naturally occurring CDs: α-, β- and γ- CD. 
(http://www.chemiedidaktik.uni-wuppertal.de/disido_cy/cyde/info/03_physical_cy.htm)
Cyclodextrins are cyclic oligosaccharides (Ollila et al. 2001 and Loftsson et al. 1996) which are 
mainly composed of 6, 7 or 8 glucopyranoses (called α-, β- and γ- CD, respectively)  that are 
connected by α-1,4 glycosidic bonds (Uekama et al. 1998). They are produced from the action of 
the enzyme amylase of Bacillus macerans in starch (Bender et al. 1978). Cyclodextrins contain a 
hydrophilic outside and a hydrophobic interior which is of great interest to the pharmaceutical 
industry  as  some  hydrophobic  drug  molecules  can  bind  to  the  interior  of  the  CDs  forming 
complexes.  By doing  so,  an  enhancement  of  the  solubility  and bioavailability  of  some drug 
molecules can be observed (Uekama et al. 1998). The water solubility of α-, β- and γ-CDs and 
the differences  among them are showed in  table  1.  The solubility  of the  β-CD is  the lowest 
among those three CDs and it  can be explained  by the formation  of  strong hydrogen bonds 
between  two  adjacent  glucopyanose  units  of  the  β-CD  (Szejtli,  1998).  Substitution  of  the 
hydrogen of the hydroxyl groups of this CD by methyl, ethyl, among other groups, can enhance 
its solubility (Loftsson et al. 1996 and Loftsson et al. 2004). Hydroxypropyl-β-CD (HPβCD) can 
increase its aqueous solubility by up to 60% or more (Davis et al. 2004). The solubility of α- and 
γ- CDs are higher than the one observed in β-cyclodextrins: less hydrogen bonds are formed in α-
cyclodextrins than it is expected; while γ- cyclodextrins have more flexible structures which are 
the explanation for the higher solubility (Szejtli, 1998). This report focuses on natural β-CD and 
on HP-0.6-β-CD, which together with other hydroxypropylated β- and γ-cyclodextrins are the 
main kind of cyclodextrins used as drug carriers (Szejtli, 1998). The 0.6 on hp-0.6.CD is related 
to the number of hydroxylpropyl groups present per cyclodextrin unit (Buvári-Barcza et al 1994). 
Table 1 below shows some differences among α-, β- and γ-CDs.
α β γ
Glucopyranose units 6 7 8
Molecular weight 972 1135 1297
Central cavity diameter (Å) 4.7-5.3 6.0-6.5 7.5-8.3
Water solubility at 25 °C (g/100 mL) 14.5 1.85 23.2
Table1 : Characteristics of α-, β- and γ- cyclodextrins (modified from Loftsson et al. 1996).
    
Figure 2: Chemical structure of β-CD. R can be substituted by different radicals forming derivatives of β-CDs 
(table 2) (http://www.chemiedidaktik.uni-wuppertal.de/disido_cy/cyde/info/01_manufacture_cy.htm)
Cyclodextrin R = H or
 β-Cyclodextrin -H
Hydroxyethyl-β-cyclodextrin -CH2CH2OH or -H
Hydroxypropyl-β-cyclodextrin -CH2CHOHCH3 or -H
Randomly methylated β-cyclodextrin -CH3 or -H
Branched β-cyclodextrin Glucosyl or maltosyl group
Table 2: Derivatives of β-cyclodextrin (Modified from Loftsson 2004).
Drug Route Trade Name Market
β-Cyclodextrin
Dexamethasone Dermal Glymesason Japan
Nicotine Sublingual Nicorette Europe
Piroxicam Oral Brexin Europe
2-Hydroxypropyl-β-cyclodextrin
Cisapride Rectal Propulsid Europe
Hydrocortisone Buccal Dexocort Europe
Table 3: Examples of products in the market containing β-CD and derivatives (modified from Loftsson, 2004).
F  ormation of complexes  
Cyclodextrins  in  aqueous 
solutions  welcome  “guest 
molecules”,  other  than  water,  in 
their hydrophobic cavities (Szejtli, 
1998).  The  interaction  of  a  CD 
and a guest molecule has usually a 
molar ratio of 1:1, but other kinds 
of  interactions  can  be  found,  as 
showed in  figure  3  (Stella  et  al. 
2008).  This  complex  formation 
can then increase the solubility of 
some drug molecules (Stella et al. 
2008  and  Loftsson  et  al. 1996). 
Throughout  the  formation  of 
complexes between cyclodextrins 
and drug molecules, no breakages 
of covalent bonds are noticed, but 
what  leads  to  the  formation  of 
such complexes  is  the release  of 
water molecules from the cavity 
of  the  cyclodextrins, 
hydrophobic  interactions, 
hydrogen bonding, among others (Loftsson 2004). Complexes formed by HP-0.6-β-CD and β-CD 
with some bile salts: glycocholate (GC), glycodeoxycholate (GDC) and glycochenodeoxycholate 
(GCDC) are the most relevant complexes for this report.
2.2. Bile Salts
Figure 4 :  Cholesterol conversion to  7-hydroxy-Cholesterol (Stamp & Jenkins, 2008)
This section will explain the basic and important aspects of BS while also distinguishing the 
difference between what is known as BS and bile acid (BA). 
Figure 3: Formation of complexes 
(http://www.nature.com/nrd/journal/v3/n12/images/nrd1576-f3.jpg)
When looking  at  the  human  digestive  system,  BS play  a  pivotal  role  in  lipid  digestion  and 
absorption.  The absorption of lipid soluble vitamins is also dependent on BS. These produce 
through various processes in the hepatocytes in the liver. Here, cholesterol is catabolized and 
converted into primary BA, which are Cholic Acid (CA) and Chenodeoxycholic Acid (CDCA), 
through the involvement of the 7 α-hydroxylase enzyme (CYP7A1), which happens in the liver. 
Several other enzymes process the 7-hydroxy-cholesterol, converting it to mainly CA and CDCA. 
The  enzyme  3-β-hydroxy-Δ5-C27-steroid  dehydrogenase  (HSD3B7)  converts  the  7-hydroxy-
cholesterol to 7-hydroxy-4-cholesten-3-one. Thereafter, hydroxylation of 7-hydroxy-4-cholesten-
3-one at the carbon 12 position is performed by sterol 12α-hydroxylase (CYP8B1), which thereby 
prompts the synthesis from CDCA to CA. Two other cytosolic enzymes, 4Δ-3-oxosteroid-5β-
reductase (AKR1D1) and 3α-hydroxysteriod dehydrogenase (AKR1C4), perform a reduction of 
the double-bond and C27-hydroxylase (CYP27A1) oxidizes the carbon 27 on the side chain to a 
carboxylic acid (Monte et al. 2009, p. 807-808).
After the conversion of cholesterol to BAs, the BAs are thereafter conjugated to mainly either 
glycine or taurine, where the BAs are thereby transformed into BS. Glycine conjugated BAs are 
represent above 70% of the total bile in the human body, making it the most abundant form, 
where  taurine  conjugates  represent  above  20%,  making  these  two conjugated  BAs the  most 
common acids  that  are involved in lipid digestion  (Stamp and Jenkins,  2008 p.  1-9).   These 
conjugated BAs have higher water solubility than their unconjugated forms. According to Alvaro 
et al. the tauro-, glyco-CD and tauro-, glyco-CDCA conjugates holds 9.4 (±0.8), 26.1 (±3.2), and 
11.6 (±2.2),  31.9 (±3.4) percent  of total  bile  salts  in the human body,  respectively.  The bile 
samples were taken from 3 female subjects from the gall bladder through needle aspiration. The 
subjects  were  kept  fasting  for  12  hours  before  sampling  and  previous  food  intake  was 
disregarded.     
For the experiments in this report, three BS are used, which are all glycine conjugates. Figure 5 
illustrates the three different BS, where Glycocholic Acid (GC) and Glycochendeoxycholic Acid 
(GCDC) which  corresponds  to  glycol-CD and glycol-CDCA,  respectively.  Glycodeoxycholic 
Acid (GDC) is similar to GC, although its hydroxyl group on carbon 7 has been replaced with 
hydrogen. Another relevant issue to examine is the critical micellar concentration (CMC), due to 
a risk of the BS forming micelles during the experiments. According A. Roda et al.  1983, who 
measured the CMC through surface tension, estimated that micelles will form when GC, GDC 
and GCDC reaches concentrations of 12, 6 and 6 mM, respectively, in water and 10, 2 and 1.8 
mM,  respectively,  in  15  mM  Na+ solution.  It  would  thereby  be  preferable  to  apply  BS 
concentration below 1.8 mM to insure best possible results. 
  
Bile acid Abbreviation R1(C-6) R2(C-7) R3(C-12) R4(C-24)
Glycocholic acid GC H OH OH NHCH2COO-
Glychodeoxycholic acid GDC H H OH NHCH2COO-
Glycochendeoxycholic acid GCDC H OH H NHCH2COO-
Figure 5: Structure of glyco-conjugated BS and modified table with the different substitutions for the 
different BS  used in this report (modified from Holm et al. 2009).
3. Empirical Part
3.1. Isothermal Titration Calorimetry
For  the experiments  presented  in  this  report  isothermal  titration  calorimetry  (ITC)  machine 
MicroCal was used.
Calorimetry  is  a  general  method  to  obtain  thermodynamic  information  of  a  reaction  for  all 
physical, biological and chemical processes that involve heat exchange. ITC is used for obtaining 
information about binding of molecules at constant temperature (Saboury, 2004). ITC monitors 
the heat changes and yields thermodynamic information about the reaction, such as the enthalpy 
change (ΔH°),  the association  constant  (K-value)  and the stoichiometry of binding (Saboury, 
2004, Ollila  et al. 2001). Having this information, it is possible to calculate also free energy of 
binding (ΔGo) and the entropy change (ΔSo). So far, calorimetry is the only direct method to 
determine the enthalpy of binding (Ollila et al. 2001, Ladbury and Chowdhry, 1996). 
Figure  6 shows a  schematic  diagram 
of  an  ITC  instrument.  It  consists  of 
two  identical  cells:  one  containing  a 
reference sample (buffer or water) and 
the  other  containing  the  sample.  The 
cells are in an isothermal jacket where 
heat is applied so that both cells would 
be  at  the  desired  temperature  and 
thermal  equilibrium.  The principle  of 
calorimetry experiments  is  measuring 
the  heat  of  interaction  of  two 
components  by  titration  of  one 
reactant  (ligand)  into  a  solution  that 
contains  the  other  reactant 
(macromolecule).  So  after  each 
addition  a  reaction  occurs  and  some 
amount  of  heat  is  absorbed  or 
released.  Thereby,  the  calorimeter 
measures the heat energy per unit time 
(μcal s-1) that  must be applied to the 
sample  cell  to  keep  both  cells  in 
equilibrium  (ΔT  remains  constant). 
The  heat  absorbed  or  released 
indicates  whether  the  ongoing 
reaction  is  endothermic  or 
exothermic,  respectively.  The  two 
reacting  molecular  species  should 
preferably  be  in  such  concentrations 
that,  after  a  series  of  additions,  the 
available  binding  sites  of  the  first 
component  become  saturated; 
therefore the last few additions would 
just  show the heat of dilution of the 
other  reactant  (Ladbury  and 
Chowdhry, 1996).
The  raw  data  output  is  a  graph 
showing  power  of  input/output 
required to keep the sample cell at the 
desired  experimental  temperature 
versus time (figure 7). Every injection 
results in a peak where the heat output 
per  injection  can  be  calculated  by 
integrating each peak with respect to 
time.  Further  on,  these  data  can  be 
plotted against the molar ratio of the 
components and the plot will produce 
Figure 7: ITC data output . Data used – 10mM HP-0,6-β-CD 
and 1mM GCDC at 30oC  (2nd replica).
Figure  6: The schematic illustration of ITC instrument (Ladbury 
and Chowdhry, 1996)
a  sigmoidal  curve.  This  plot  provides  enough  information  to  estimate  ΔH°,  Ka  and  the 
stoichiometry of reaction, if the initial concentrations of the reactants are known (Ladbury and 
Chowdhry, 1996).  Heat absorbed or released after each injection is proportional to the change of 
concentration of a bound ligand, described in the following equation:
Q = V* ΔH° * Δ[L]bound
Equation 1: Cumulative heat
where V- reaction volume, ΔH° – enthalpy of binding.
For a reaction with one type of binding site for the molecule – M + nL ↔ MLn (for one type of 
binding site n=1) and the cumulative heat can be calculated as follows:
Equation 2: Cumulative heat (Holdgate, 2001).
Data plotting and fitting is obtained by plotting the 1st derivative of Q with respect to [L]total 
against the molar ratio [L]total/[M]total (Holdgate, 2001). As equation shows, Q is dependent on Ka, 
ΔH° and N. Those parameters  can be obtained by fitting a line to data points  (Ladbury and 
Chowdhry, 1996).  
Further  on,  when  ΔH° and  Ka  values  are  known,  the  magnitudes  of  ΔG° and  ΔS° can  be 
calculated from the following relationship:
ΔGo = ΔHo - T ΔSo = -RTlnKa 
Equation 3: Standard Gibbs free energy
 
Along with ΔG°, ΔH° and ΔS°, it is also possible to measure ΔCp – the change of heat capacity or 
specific  heat.  ΔCp is  used  to  predict  the  change  of  the  other  three  parameters  according  to 
different temperatures. The relationship is as follows:
Equation 4: Change in heat capacity (Holdgate, 2001). 
3.2. Materials and Methods
3.2.1. Materials
In the experiments two types of cyclodextrins – natural β-CD and HP-0.6-β-CD, and three bile 
salts – GC, GDC and GCDC were used. All the above mentioned were purchased from Sigma 
Aldrich and dissolved in a phosphate buffer solution of pH 7 and 50mM strength. Phosphate 
buffer  was  made  mixing  sodium  hydroxide  (NaOH)  and  sodium  dihydrogen  phosphate 
(NaH2PO4) in demineralized water. The chemicals were kept in the fridge and the water used for 
the experiments deionized water – Milli Q.
The concentrations of the solutions were the following:
• β-CD – 10.02mM;
• Diluted β-CD – 5.0091 mM;
• HP-0.6-β-CD – 10.081mM
• GC : First stock solution:1.008 mM and Second stock solution: 0.985 mM
• GDC: 1.005 mM
• GCDC: 1.00486 mM
• Diluted GCDC: 0.50243 mM
3.2.2. Methods
The experiments to determine thermodynamic parameters of the reactions were performed on a 
Microcal VP-ITC microcalorimeter. The titration with ITC provides a titration curve from which 
enthalpy (∆Ho),  binding stoichiometry (N) and equilibrium constant (Ka) of the reaction were 
obtained. Afterwards the ∆So and ∆Go could be calculated.
All the experiments were carried out on the same ITC instrument. The setup of each experiment 
provided 29 injections of 10μl of cyclodextrin  solution from the syringe into the sample cell 
containing  bile  salt  solution.  The  time interval  between injections  was 300 seconds.  Stirring 
speed was 310 rpm and the temperature of the cell was set up according to our experimental 
design.  Before  injecting  the  solutions  in  the  ITC cell  and syringe  they were degassed using 
ThermoVac machine.
When CD is added to the cell containing bile salt, it forms a complex, which therefore gives rise 
to a heat of reaction. That can afterwards be observed in the graphs obtained by ITC. The heat of 
reaction becomes lower with each injection due to less and less bile salt molecules available to 
form complexes with CDs. However, analyzing the heat of reaction, the heat of dilution must also 
be  taken  into  consideration  because  of  a  small  amount  of  heat  is  released  when the  CD is 
dissolved into the cell. Therefore, control experiments were performed by injecting CD into pure 
buffer solution without bile salt. When analyzing the data the enthalpy of dilution was subtracted 
from  the  enthalpy  of  CD  forming  complexes  with  bile  salts,  which  therefore  provided  the 
enthalpy of the net reaction. 
The software ORIGIN (Microcal) was used to analyze the data. From the integration of the raw 
data, the heats of reaction were obtained. For all the experiments the first point has been deleted 
because the injection was 2μl for the first point and 10μl for the rest. Prior experiences with the 
ITC have shown that the first injection is, in most cases, unreliable, which is the reason for the 
lower injection volume. Noise, impurities and small changes in the surrounding temperature can 
affect the measurements of the data, which can easily be seen as small and even big disturbances 
in the raw data. Therefore, the baseline from the raw data of some of the experiments has been 
corrected in order to get a better fitted heat of reaction. It has also been necessary to remove an 
extra data point from some of the experiments when it did not fit the rest of the measurements 
due to experimental error. Experiments that presented more than two inaccurate data points in the 
heat of reaction curve that could not be corrected were redone. The heat of dilution in related to 
each temperature was subtracted from the heat of the binding reaction at the same temperature 
and thereby N, Ka and ∆H° of the reaction could be calculated by using the “one set of sites” 
function offered by the software (Liu Y. et al 2006). From this fitted line ∆G° can be calculated 
using equation 3. The more negative  ∆G° is, the higher the affinity binding will be (Holdgate, 
2001).
3.2.3. Experimental Design
For our experiments we used two different types of CD (β-CD and HP-0.6- β-CD) and three 
different  types  of bile  salts  (GC, GDC and GCDC) and we were testing thermodynamics  of 
interaction of those compounds in 4 temperatures: 25, 30, 40 and 50oC. Each experiment was 
performed  three  times  to  get  a  better  estimate  of  thermodynamic  parameters  of  forming 
complexes of the compounds.
For  the  experiments  for  β-CD and GCDC (30,  40 and 50 oC) and HP-0.6-β-CD and GCDC 
(50 oC), both solutions were diluted by a factor of two, because otherwise the peaks were going 
out of range and therefore could not be properly integrated. 
The concentration of the GC solution used together with the β-CD is different from the one used 
with HP-0.6-β-CD because as more GC was need after experiments with HP-0.6-β-CD. 
4. Results
In  this  section,  the  thermodynamics  and  binding  of  HP-0.6-β-CD  and  β-CD  with  the  three 
different BS (GC, GDC and GCDC) will be looked at individually, where the precision of the 
obtained data will be discussed in regards to how accurate the ITC measured the samples and also 
the deviation between the replicas. 
Since the reaction between the BS and CD has a 1:1 binding relation (one BS molecule binds to 
one CD molecule) the N value (stoichiometry) should be as close to 1 as possible. Any replica 
that deviated with more than 1 ± 0.25 was discarded and redone. The stoichiometry values (N) 
for the interaction between HP-0.6-β-CD and the different bile salts obtained from the “one set of 
sites”  regression,  range  from  0.92  to  1.09  while  for  β-CD  and  the  different  bile  salts,  the 
parameter N has a range from 0.89 to 1.19. This indicates a majority of 1:1 interaction between 
the CDs and the BS.
The K-value  represents  the  binding  constant  of  association.  ΔH° and  ΔS° are  the  change  in 
enthalpy and entropy, respectively.  The standard deviation (SD) and confidence interval at 95% 
confidence limit (CI) were calculated to illustrate the precision of the data when working with 3 
replicas. The CI was calculated thus: 
Equation 5: 95% confidence interval (Harris, 2007 p. 57)
Where the t value used was 2,571 to obtain 95% confidence interval for the degree of freedom 
being 2.
The standard deviation was calculated using the following formula:
Equation 6: Standard deviation (Harris, 2007 p.54)
Finally, the available energy, or  standard Gibbs free energy (ΔG°), was calculated  through the 
simple equation ΔG° = ΔH° - T ΔS° (Equation 3). 
4.1 HP-0.6-β-CD
Figure 8: (a) the raw data and enthalpy with fitted line for HP-0.6-β-CD and GC for 25°C, replica 1; (b) the 
raw data and enthalpy with fitted line for HP-0.6-β-CD and GDC for 25°C, replica 1; (c) the raw data and 
enthalpy with fitted line for HP-0.6-β-CD and GCDC for 25°C, replica 2. This illustrates  the diference in 
binding properties.
4.1.1 Binding Constant – K
Graphs  indicating the  K  value  for  temperature  25,  30,  40  and  50ºC  are  shown  below.  All 
temperature points show a decrease in K value, shifting the complexation equilibrium favoring 
the reactants as temperature increases. It seems that GC has the highest decrease in K compared 
to GDC and GCDC, where GC has decreased by 50%, GDC 30% and GCDC 32% from 25ºC to 
50ºC. The CIs are smallest for GCDC and are largest for GC. This may be due to GCDC binding 
more strongly with the CD, which gives a better “S” shaped curve when the ITC integrates the 
peaks (observed in figure 8c). This can give a more accurate “one set of sites” iteration of the 
data points. 
 K at T=25ºC (M-1) K at T=50ºC (M-1) Diff. %
GC 1380 680 700 50,72
GDC 3440 2420 1020 29,65
GCDC 43700 29400 14300 32,72
Table 4: The table shows the difference and the decrease of the K value for the three BS from 25ºC to 50ºC.
Graph  1: Illustrates  the change in K for the BS GC from 25ºC to 30ºC, 40ºC and 50ºC. The error bars 
represent the CI at 95%. Each point is a mean value calculated from 3 replicas. A pattern occurs when the 
temperature is increased (K is decreasing). Statistically the CI for every point overlap, which indicates that 
the points are similar. Due to point 30ºC's small CI and 25ºC's larger CI, it is likely that the first point's mean 
value is too low, which may be due to experimental error.
Graph 2: Illustrates the change in K for the BS GDC from 25ºC to 30ºC, 40ºC and 50ºC. Each point is a mean 
value  calculated  from  3  replicas.  The  error  bars  represent  the  CI  at  95%.  A  pattern  occurs  when  the 
temperature is increased (K is decreasing). A significant overlap can be seen when comparing the CI for 25ºC 
to 30ºC as well as 40ºC to 50ºC. The point at 25ºC appears to be significantly different to 40ºC and 50ºC.
Graph 3: Illustrates the change in K for the BS GCDC from 25ºC to 30ºC, 40ºC and 50ºC. Each point is a 
mean value calculated from 3 replicas. The error bars represent the CI at 95%. A pattern occurs when the 
temperature is increased (K is decreasing). The two first points (25ºC and 30ºC) have the exact same mean 
value  though  the  higher  CI  for  30ºC  indicates  experimental  error.  No  overlap  can  be  observed  when 
comparing 25ºC and 30ºC to 40ºC and 50ºC. 40ºC and 50ºC have not significant overlap, either, which clearly 
indicates a decrease in K when increasing the temperature from 30ºC to 50ºC.
4.1.3 Enthalpy - ∆H°
Graphs indicating ΔH° for temperature 25, 30, 40 and 50ºC can be seen below, showing that ΔH° 
becomes more negative as the temperature increases. From 25ºC to 50ºC the negative ΔH° value 
increased by 99% for GC, 86% for GCD and 79% for GCDC.  The graphs show a linear decline, 
where the CI for each BS are generally small.
 ΔH° at T=25ºC (cal/mol) ΔH° at T=50ºC (cal/mol) Diff. %
GC -2955 -5885,67 -2930,67 99,17
GDC -2845 -5296,67 -2451,67 86,17
GCDC -4430,67 -7942 -3511,33 79,25
Table 5: The table shows the difference and the decrease of ΔH° for the three BS from 25ºC to 50ºC.
Graph 4: Illustrates the change in ΔH° for the BS GC from 25ºC to 30ºC, 40ºC and 50ºC. Each point is a mean 
value calculated from 3 replicas. The error bars represent the CI at 95%. The slope of the linear regression 
line represents the heat capacity ΔCp. The CI for each point shows no overlap, confidently showing a decrease 
in ΔH° when increasing temperature. The high CI at 50ºC could be due to experimental error.
Graph 5: Illustrates the change in ΔH° for the BS GDC from 25ºC to 30ºC, 40ºC and 50ºC. Each point is a 
mean value calculated from 3 replicas.  The error  bars represent  the CI at  95%. The slope of  the linear 
regression line represents the heat capacity ΔCp. The CI for the point a 40ºC overlaps with CI for the point at 
50ºC, making them statistically similar. The high CI at 50ºC could be due to experimental error.
Graph 6: Illustrates the change in ΔH° for the BS GCDC from 25ºC to 30ºC, 40ºC and 50ºC. Each point is a 
mean value calculated from 3 replicas.  The error  bars represent  the CI at  95%. The slope of  the linear 
regression line represents the heat capacity ΔCp. The CI for each point shows no overlap, confidently showing 
a decrease in ΔH when increasing temperature.
4.1.3 Entropy - ∆S° 
Graphs indicating ΔS° for temperature 25, 30, 40 and 50ºC can be seen below, showing that  ΔS° 
becomes more negative as  the temperature increases. From 25ºC to 50ºC ΔS° decreases by 9.817 
cal/mol/deg for GC, 7.7 cal/mol/deg for GCD and 10.5 cal/mol/deg for GCDC.  The graphs show 
a linear  decline,  where the CI for each BS are  generally small,  though they tend to become 
smaller when going from GC to GDC and GCDC. This can again be due to GCDC and GDC 
binding more strongly to the CD, providing a better “S” shape for the iteration. 
 ΔSo at T=25ºC (cal/mol/deg) ΔSo at T=50ºC(cal/mol/deg) Diff. %
GC 4,437 -5,38 -9,817 -221,25
GDC 6,63 -1,08 -7,71 -116,28
GCDC 6,37 -4,13 -10,5 -164,83
Table 6: The table shows the difference and the decrease of ΔS° for the three BS from 25ºC to 50ºC.
Graph 7: Illustrates the change in ΔS° for the BS GC from 25ºC to 30ºC, 40ºC and 50ºC. Each point is a mean 
value calculated from 3 replicas. The error bars represent the CI at 95%. There is a CI overlap between the 
points 25ºC and 30ºC making them statistically similar as well as 30ºC and 40ºC. 50ºC, in spite of its high CI, 
show no overlap with the other point showing a difference from 25ºC to 50ºC.
Graph  8: Illustrates the change in ΔS for the BS GDC from 25ºC to 30ºC, 40ºC and 50ºC. Each point is a 
mean value calculated from 3 replicas. The error bars represent the CI at 95%. Comparing the CI between 
the points at 25ºC, 30ºC and 40ºC show no similarities, while 40ºC and 50ºC show an overlap. It is clear that 
there is a decrease in ΔS° from 25ºC to 30ºC and 40ºC. The high CI for the point at 50ºC can be due to 
experimental error.
Graph 9: Illustrates the change in ΔS° for the BS GCDC from 25ºC to 30ºC, 40ºC and 50ºC. Each point is a 
mean value calculated from 3 replicas. The error bars represent the CI at 95%. The CI for each point shows 
no overlap, confidently showing a decrease in ΔS° when increasing temperature.
4.1.4 Gibbs Free Energy - ∆G°
Since the change in  enthalpy and entropy is known from the test data ΔGo can be calculated 
through the simple equation ΔGo = ΔHo - T ΔSo. The values for ΔHo and ΔSo are the mean values 
from 3 replicas.
  HP-0.6-β-CD GC  
 25 ºC 30 ºC 40 ºC 50 ºC
ΔH°(cal/mol) -2955 -3439,33 -4217,33 -5885,67
ΔS°(cal/mol/deg) 4,44 2,29 0,51 -5,38
ΔG°(cal/mol) -4277,89 -4135,54 -4377,04 -4147,12
  HP-0.6- β-CD GDC  
 25 ºC 30 ºC 40 ºC 50 ºC
ΔH°(cal/mol) -2845 -3451,000 -4719,33 -5296,67
ΔS°(cal/mol/deg) 6,630 4,5 0,53 -1,08
ΔG°(cal/mol) -4821,73 -4815,18 -4885,3 -4947,67
  HP-0.6- β-CD GCDC  
 25 ºC 30 ºC 40 ºC 50 ºC
ΔH°(cal/mol) -4430,67 -5214,330 -5744,33 -7942
ΔS°(cal/mol/deg) 6,370 4,03 2,3 -4,13
ΔG°(cal/mol) -6329,89 -6436,02 -6464,58 -6607,39
Table7: Illustrates  the free energy by applying the mean values  for ΔH° and ΔS° in  the Standard Gibbs 
Equation of Gibbs free energy ΔGo = ΔHo - T ΔSo
The  ΔG° values from at each temperature are indeed comparable. The small difference in the 
values is most likely due to error. 
4.2 β-CD
4.2.1 Binding Constant – K
Graphs  indicating  the  K value  for  temperatures  25,  30,  40  and  50ºC are  shown below.  All 
temperature points show a decrease in K value, moving the complexation equilibrium favoring 
the  reactants  as  temperature  increases.  It  seems  that  GCDC  has  the  highest  decrease  in  K 
compared to GC and GDC, where GCDC decreases by 71%, GDC 60% and GC 58% from 25ºC 
to 50ºC. The CIs are very low for the different bile salts which may be due to the fact that β-CD 
binds strong with the three different kinds. 
 K at T=25ºC (M-1) K at T=50ºC (M-1) Diff. %
GC 2630 1100 1530 58,17
GDC 2690 1070 1620 60,22
GCDC 121000 35600 85400 70,58
Table 8: The table shows the differences and the decrease of the K value for the three BS from 25ºC to 50ºC.
Graph  10: Illustrates the change in K for the BS GC from 25ºC to 30ºC, 40ºC and 50ºC. The error bars 
represent the CI at 95%. Each point is a mean value calculated from 3 replicas. The CI for each point shows 
no overlap, confidently showing a decrease in K when increasing the temperature from 25 ºC to 30ºC, 40ºC 
and 50 ºC.
Graph  11: Illustrates the change in K for the BS GDC from 25ºC to 30ºC, 40ºC and 50ºC. Each point is a 
mean value calculated from 3 replicas.  The error  bars represent  the CI at  95%.  No CI overlap can be 
observed  when  comparing  the  four  points  which  clearly  indicates  a  decrease  in  K  when  increasing 
temperature. 
Graph 12: Illustrates the change in K for the BS GCDC from 25ºC to 30ºC, 40ºC and 50ºC. Each point is a 
mean value  calculated  from 3 replicas.  The error  bars  represent  the  CI at  95%. No CI  overlap  can be 
observed  among  the  points  at  the  different  temperatures  which  clearly  indicate  a  decrease  in  K  when 
increasing the temperature from 25ºC to 50ºC.
4.2.3 Enthalpy - ∆H°
Graphs  indicating  ΔH° for  temperature  25,  30,  40  and  50ºC  can  be  seen  below,  and  all 
temperature points show a decrease in the enthalpy value. From 25ºC to 50ºC the negative ΔH° 
value increased by 25% for GC and GCDC, while for GDC it had a decrease of 35%.
 ΔH° at T=25ºC (cal/mol) ΔH° at T=50ºC (cal/mol) Diff. %
GC -5953,33 -7413,67 -1460,34 24,53
GDC -7079 -9621,33 -2542,33 35,91
GCDC -6784 -8468 -1684 24,82
Table 9: The table shows the differences and the decrease of ΔH for the three BS from 25ºC to 50ºC.
 
Graph 13: Illustrates the change in ΔH° for the BS GC from 25ºC to 30ºC, 40ºC and 50ºC. Each point is a 
mean value calculated from 3 replicas.  The error  bars represent  the CI at  95%. The slope of  the linear 
regression line represents the heat capacity ΔCp. The high CI at 40 ºC could be due to experimental error. CI 
for the point at 25ºC overlaps with CI at 30ºC, making them statistically similar,  but both points do not 
overlap with the point at 50ºC, confidently showing a decrease of ΔH° from 25 ºC to 50 ºC.
 
Graph 14: Illustrates the change in ΔH° for the BS GDC from 25ºC to 30ºC, 40ºC and 50ºC. Each point is a 
mean value calculated from 3 replicas.  The error  bars represent  the CI at  95%. The slope of  the linear 
regression line represents the heat capacity ΔCp. The CI at 25 ºC overlaps with the CI at 30 ºC. The CI at 
30ºC and 40ºC overlap,  as  well  as  the points  40ºC and 50ºC.  Each overlap makes  the points statistically 
similar. 
Graph 15: Illustrates the change in ΔH° for the BS GCDC from 25ºC to 30ºC, 40ºC and 50ºC. Each point is a 
mean value calculated from 3 replicas.  The error  bars represent  the CI at  95%. The slope of  the linear 
regression line represents the heat capacity ΔCp.  The CI at 25 ºC overlaps with the CI at 30ºC, meaning that 
they are statistically similar. The CI at 25ºC and 30ºC have nearly the same values making it difficult to 
distinguish which point is unreliable.
4.2.3 Entropy - ∆S°
Graphs indicating ΔS° for temperature 25, 30, 40 and 50ºC can be seen below, showing that ΔS° 
becomes more negative as the temperature increases. The graphs show a linear decline, and the 
CIs for GCDC are the smallest ones, which can be due to GCDC binding more strongly to the 
CD, providing a better “S” shape for the iteration. 
 ΔS° at T=25ºC (cal/mol/deg) ΔS° at T=50ºC(cal/mol/deg) Diff. %
GC -4,317 -9,03 -4,71 109,09
GDC -8,053 -14,8 -6,747 83,78
GCDC 0,498 -5,38 -5,87 -1179,65
Table 10: The table shows the difference and the decrease of ΔS° for the three BS from 25ºC to 50ºC.
Graph  16: Illustrates the change in ΔS° for the BS GC from 25ºC to 30ºC, 40ºC and 50ºC. Each point is a 
mean value calculated from 3 replicas. The error bars represent the CI at 95%. Significant CI overlaps can be 
observed between points at 25 ºC and 30 ºC, 30 ºC and 40 ºC and 40 and 50 ºC making them statistically 
similar. The high CI at 40ºC may be due to experimental error.
Graph 17: Illustrates the change in ΔS° for the BS GDC from 25ºC to 30ºC, 40ºC and 50ºC. Each point is a 
mean value calculated from 3 replicas. The error bars represent the CI at 95%. Statistically the CI for every 
point overlaps which indicates that the points are similar. It is clear that there is a decrease in ΔS from 25ºC to 
50 ºC. The high CI for the points at 40 ºC and 50ºC can be due to experimental error.
Graph 18: Illustrates the change in ΔS° for the BS GCDC from 25ºC to 30ºC, 40ºC and 50ºC. Each point is a 
mean value calculated from 3 replicas. The error bars represent the CI at 95%. The CI at 25 ºC and 30 ºC 
overlap, which indicates that they are similar from a statistical standpoint. 25 ºC, 40 ºC and 50ºC show no CI 
overlap indicating a decrease from 25ºC to 50ºC.  The CI at 25ºC and 30ºC have nearly the same values 
making it difficult to distinguish which point is unreliable.
4.2.4 Gibbs Free Energy - ∆G°
ΔGo can be calculated since the changes in enthalpy and entropy are known from the test data, by 
using the following equation  ΔGo = ΔHo - T ΔSo.   The values for ΔH° and ΔS° are the mean 
values from 3 replicas.
  β-CD GC   
 25 oC 30 oC 40 oC 50 oC
ΔH°(cal/mol) -5953,33 -6387 -7375,33 -7413,67
ΔS°(cal/mol/deg) -4,317 -5,81667 -9,08 -9,02667
ΔG°(cal/mol) -4666,31 -4623,68 -4531,93 -4496,7
  β-CD GDC   
 25 oC 30 oC 40 oC 50 oC
ΔH°(cal/mol) -7079 -7452,670 -8221,67 -9261,33
ΔS°(cal/mol/deg) -8,053 -9,26 -11,69 -14,8
ΔG°(cal/mol) -4677,9 -4645,5 -4560,94 -4478,71
  β-CD GCDC   
 25 oC 30 oC 40 oC 50 oC
ΔH°(cal/mol) -6784,00 -6628,670 -7657 -8468
ΔS°(cal/mol/deg) 0,498 0,727933 -2,62 -5,37667
ΔG°(cal/mol) -6932,37 -6849,34 -6836,54 -6730,52
Table11:  Illustrates  the free energy by applying the mean values for ΔH° and ΔS° in the standard Gibbs 
Equation of Gibbs free energy ΔG° = ΔH° - T ΔS°.
The  ΔG° values from at each temperature are indeed comparable. The small difference in the 
values is most likely due to error. 
5. Discussion
This report analyzes the thermodynamic parameters: N, K, ∆H° and ∆S° from the binding of two 
different CDs: the natural β-CD and the HP-0.6-β-CD with three bile salts: GC, GDC and GCDC. 
5.1  Binding Constant (K)
The binding constants for the CDs and the BS increase when it goes from GC to GDC and from 
GDC to GCDC. This shows that  GCDC binds stronger to the CDs than GC and GDC. The 
GCDC has a significantly higher affinity towards β-CD than towards HP-0.6-β-CD. The strong 
binding between the GCDC and the CDs compared to the other bile salts can be linked to the 
absence of a hydroxyl group in the C12 (C-ring in figure 5) of the GCDC. This hydroxyl group is 
present in GC and GDC. According to the literature the presence of a hydroxyl group on C12 
induces a decrease in the binding constant, since it blocks the entry into the CD cavity. The β-CD 
interacts mostly with the D- ring of GC, and weakly with the A-ring and no interaction with the 
B- and the C-ring can be observed. The same happens to GDC and the tails of both bile salts bind 
to some extent with the CD cavity, reducing the freedom of movement of the complex (Holm et  
al. 2009). The difference in the interaction of GC and GDC to HP-0.6-β-CD could be explained 
by the more hydrophobic character of GDC which lacks an –OH group on C7 when compared to 
GC (Ollila et al. 2001).  GCDC does not have the hydroxyl group on C12 and its binding with the 
CD is different from GC and GDC. The C and the D-rings penetrate the CD while the tail of the 
BS stays outside (Holm et al. 2009). The strength of the binding between the different CDs and 
BS is also influenced by the kind of CD in the interaction.  According to Uekama  et al.,  the 
increase in the degree of substitution leads to an increase in the aqueous solubility of the CD and 
to a decrease in its capability to form complexes.  This might be the reason why β-CD binds 
stronger to the BS than HP-0.6-β.CD does.
5.2 Van’t Hoff Plots
This section explains how the Van’t Hoff method can be used to either obtain ∆H° and ∆S° 
through K. It can also be used to test whether the parameters obtained are temperature dependent 
or not. However, this method is used to illustrate that there is enthalpy-entropy compensation, 
which will give a linear plot. This can be explained by equation 8, which is a rewritten form of 
equation 7.
Equation 7: Linear form of  Van’t Hoff equation, in which R is the gas constant, K is the binding constant and 
T is  temperature.
Equation 8: Rearranged form of the equation of  Gibbs free energy. 
The Van’t Hoff plots were made by plotting the natural logarithm of K versus the inverse of the 
temperatures in Kelvin. From equation 7 the ∆H° and ∆S° can be calculated. For GC the linear 
fitting is not as good as expected and this could be explained by the large CIs at 25, 40 and 50°C. 
The Van’t Hoff plot for GDC seems to be quite linear and for GCDC, where the same mean value 
for K was obtained at 25 and 30°C, the best linear fitting can be seen.
Graph  19: Van’t Hoff plot (ln(K) versus 1/T) for HP-0.6-β-CD and GC.  The slope of the line = -  ∆H/R, in 
which R is the gas constant.
Graph 20: Van’t Hoff plot (ln(K) versus 1/T) for HP-0.6-β-CD and GDC. The  slope of the line = - ∆H/R, in 
which R is the gas constant.
Graph 21: Van’t Hoff plot (ln(K) versus 1/T) for HP-0.6-β-CD and GCDC. The slope of the line = - ∆H/R, in 
which R is the gas constant.
The linear fitting for all three β-CD and BS interactions are quite good. This is apparently due to 
the low CI values for each data point.
Graph 22: Van’t Hoff plot (ln(K) versus 1/T) for β-CD and GC. The slope of the line = - ∆H/R, in which R is 
the gas constant.
Graph 23: Van’t Hoff plot for β-CD and GDC. The slope of the line = - ∆H/R, in which R is the gas constant.
Graph 24: Van’t Hoff plot for β-CD and GCDC. The slope of the line = - ∆H/R, in which R is the gas constant.
Comparing the Van’t Hoff method to the ITC method, it is quite apparent that the ITC give a 
more  reliable  estimate  of  ∆H°  and  ∆S°,  since  that  the  Van’t  Hoff  method  uses  only  K for 
estimating  ∆H°  and  ∆S°.  Thereby,  according  to  the  measurements  ∆G°  is  temperature 
independent, rather than ∆H° and ∆S° individually.  
5.3  Enthalpy-Entropy Compensation 
It is observed that the reactions were exothermic (ΔHo<0) for all the interactions between the two 
CDs and the different  BS. The highest  enthalpy values for the HP-0.6-β-CD were related to 
GCDC, while the highest values for β-CD were linked to GDC; however the high CI indicates 
that this might not be a reliable result. Since that GCDC has the highest K values, we would 
expect that the ΔH° would be more negative for GCDC compared to GDC. The entropy values 
for  HP-0.6-β-CD decrease,  as  well,  with  increasing  temperature.   The  ΔG° value  for  all  the 
interactions  between the CDs and the BS indicates  enthalpy-entropy compensation,  since the 
values for ΔG° are roughly the same for each temperature (table 7 and 11). The following graphs 
(graphs 25 to  30) show the enthalpy-entropy compensation  for the different  BS and CDs. A 
possible explanation for this observation could be related to hydrophobic hydration, which will 
be described and discussed in the next section.
Graph 25: Compensation plot for HP-0.6-β-CD and GC. A linear fitting can be observed. The labels for the 
points show the temperature (oC) of the experiment.
Graph 26: Compensation plot for HP-0.6-β-CD and GDC. A linear fitting can be observed. The labels for the 
points show the temperature (oC) of the experiment.
Graph 27: Compensation plot for HP-0.6-β-CD and GCDC. A linear fitting can be observed. The labels for 
the points show the temperature (oC) of the experiment.
Graph 28: Compensation plot for β-CD and GC. A linear fitting can be observed. The labels for the points 
show the temperature (oC) of the experiment.
Graph 29: Compensation plot for β-CD and GDC. A linear fitting can be observed. The labels for the points 
show the temperature (oC) of the experiment.
Graph 30: Compensation plot for β-CD and GCDC. A linear fitting can be observed. The labels for the points 
show the temperature (oC) of the experiment. 
5.4 Hydrophobic Hydration
Through the experiments it can be observed that ΔHo and ΔSo decreases when the temperature 
increases. Moreover, those changes happen in a rate, which makes ΔGo very similar for all the 
temperatures, as it can be seen in graphs 25-30. This indicates enthalpy-entropy compensation, 
and one of the reasons for this phenomenon is due to hydrophobic hydration (Liu and Guo 2002).
BS used in the experiments have hydrophobic sites. Therefore, they are not able to interact with 
water by hydrogen bonding. As a result, water molecules close to the hydrophobic surface create 
hydrogen bonds between each other thus creating a stable and ordered structure,  resulting in 
entropy loss.  The ongoing process  is  hydrophobic  hydration,  which  explains  the interactions 
between hydrophobic molecule and water (Wiggins 1997, Liu and Guo 2002).  
To  explain  the  unique  thermodynamics  of  hydrophobic  hydration,  Frank  and  Evans  (1945) 
proposed the “iceberg” model, described in Durell and Wallqvist (1996). The water molecules of 
the solvation shell are forming a “microscopic iceberg” which is actually considered as a region 
of  “greater  crystallinity”.  Therefore,  the  negative  change  in  enthalpy  is  obtained  by  the 
enhancement  of the hydrogen bond interactions  in  the “iceberg”  structure during a  solvation 
process, followed by decrease in entropy due to reduced mobility of water molecules. The model 
also suggests  steep temperature dependence - when temperature is increasing,  there is bigger 
disruptive thermal motion in the system, which results in formation of smaller “icebergs” and 
therefore the enthalpy and entropy changes in more negative magnitudes. However, the classical 
“iceberg” model explains, that entropy reduction in the solvation process is due to the loss of 
rotational freedom of water molecules in the solvation shell, where the first shell tends to have 
their O-H bonds tangential to the surface of the solute, and the second shell tends to point O-H 
bonds toward the solute, which makes the structure more ordered (Durell and Wallqvist 1996). 
In our experiments, we have observed that for different BS the entropy and enthalpy change is 
decreasing significantly as the temperature increases from 25 to 50 ºC. This happens most likely 
because of hydrophobic hydration, where water molecules are creating more order in the system. 
This can explain the enthalpy-entropy compensation which can be observed when looking at the 
calculations of ΔG° (tables 7 and 11) from the data and the compensation plots (graphs 25 to 30). 
Because  of  the  equilibrium shifting  towards  the  reactants  (CD +  BS← Complex)  when the 
temperature  is  increased,  more  non-polar  surface  of  the  BS  is  exposed  to  the  aqueous 
environment, thereby decreasing ΔS°. The change in surface area will be discussed in the next 
section.
5.5 Change in Accessible Surface Area (ΔASA)
It has been tested that the ΔCp value has the benefit of estimating ΔASA. This can thereby be 
used for arguing how much of the hydrophobic surface of the three different BS are covered by 
the CD when ΔH° is decreasing as temperature is increased.
In Myers et al. 1995, where they test the ΔASA in relation to protein unfolding, an equation for a 
nonlinear least-square fitting, which describes the relationship between ΔCp and ΔASA (ΔCp = 
[0.32  ±  0.04]  ΔASAnp –  [0.14  ±  0.04]  ΔASAp),  was  given.  This  was  used  for  a  theoretical 
calculation  of ΔCp, which was thereby compared  with the ΔCp from their  experiments.  The 
ΔASAnp is  the  change  in  ASA for  non-polar  molecules  and  ΔASAp  is  the  change  for  polar 
molecules. When fitting their ASA data points they modified the equation to better fit their data, 
looking like thus:
ΔCp = (0.28 ± 0.12) ΔASAnp – (0.09 ± 0.30) ΔASAp Equation 9
It was decided to put the constant for the ΔASAp equal to zero, since that the constant is very 
small and the ratio between ΔASAp and ΔASAnp in the case for our report is unknown. Of course, 
since the experiments for Myers et al.  1995 were conducted on proteins and the deviation in 
equation 6 is quite high, the values for  ΔASAnp for each BS is not necessarily accurate, though it 
can estimate the difference in ΔASAnp between the BS for each CD. 
HP-0.6-β-CD β-CD
 ΔCp (cal/mol •  ºC) ΔASAnp (Å2)  ΔCp (cal/mol •   ºC) ΔASAnp (Å2)
GC -113,91 -406,82 GC -61,56 -219,87
GDC -100,21 -357,89 GDC -86,66 -309,5
GCDC -131,01 -467,89 GCDC -74,3 -265,37
Table 12: Showing the conversion of  ΔCp to ΔASAnp for each CD and BS. According to the calculations the 
GDC has the lowest change in the non-polar surface area for HP-0.6-β CD where, on the other hand, GDC has 
the highest change when forming complex with β-CD. The CI for each data point for the ΔH° GDC + β-CD 
(graph 14) are indeed very high for each data point, indicating that the high  ΔCp value can also be due to 
analytical error. 
Judging from table  12, the change in surface area is the highest for GCDC HP-0.6-β-CD. This 
explains why the change in  ΔS° is the highest of the three BS from 25 to 50 ºC. According to 
Holm et al. 2009 the binding for GCDC is stronger than that of GC and GDC, due to the CD 
covering more of the non-polar surface of the BS. This also suggests why the K-value is high for 
the GCDC BS. 
As observed from table 12, the ΔASAnp for GC is more negative than for GDC, which contradicts 
the data for K-values,  where GDC has a significantly higher K-value than GC, which would 
indicate that it binds stronger to HP-0,6-β-CD. Considering the plots for ΔH° (graphs 4 and 5), 
the CI for the data points at 50 ºC was a lot larger than for all the other data points. Therefore, the 
graphs were modified (graphs 31 and 32) to see if a more reliable linear fit and ΔCp values could 
be obtained. The high CI value may be due to having air bubbles in the ITC cell caused by the 
high temperature.  Using the modified data and the  ΔCp obtained from graph 31 and 32, the 
values for ΔASAnp are as following:
HP-0.6-β-CD
 ΔCp (cal/mol • ºC) ΔASAnp (Å2)
GC -83,25 -297,32
GDC -125,22 -447,21
GCDC -131,01 -467,89
Table 13: The values of ΔASAnp for HP-0,6-β-CD after modifying data and obtaining new ΔCp values.
The ΔASAnp values in table 13 are in compliance with the expectation that ΔASAnp would be more 
negative for GDC due to having one hydroxyl group less (on C7) than GC BS. 
Graph  31: ΔH° values for GDC (and HP-0.6-β-CD) and linear regression using the same data as Graph 5, 
modifying it by removing the point at 50 ºC due to the high CI. Therefore, the linear fit has changed. The 
slope indicates the ΔCp = -125,22 cal/mol/deg.
Graph  32: ΔH° values for GC (and HP-0.6-β-CD) and linear regression using the same data as Graph 4, 
modifying it by removing the point at 50 ºC due to the high CI. Therefore, the linear fit has changed. The 
slope indicates the ΔCp =  -83,25 cal/mol/deg.
From table 12 it can be observed that the change in surface area is highest for GDC β-CD. This 
counteracts the changes in ΔS° for the BS from 25 to 50 ºC and the K-values, which are highest 
for GCDC. The  ΔASAnp for GDC is the most negative and does not fit the K value for GDC, 
which is lowest for GC and highest for GCDC.  
Considering the GC and β-CD plot for  ΔH° (graph 13), the CI for the data point at 40 ºC was 
larger than for all the other data points.  Therefore, this graph was modified (graph 33) to see if 
we can obtain more reliable linear fit and  ΔCp values. A smaller ΔCp value and ΔASAnp  were 
obtained when removing the point at 40ºC, which can be seen on table 14. This is in accordance 
with GC’s small K-values compared to the other bile salts.
When looking at ΔH° for GCDC for β-CD at 25 and 30 ºC (graph 15), it can be observed that 
their CI and ΔH° value are quite similar. It was hard to distinguish which point does not fit the 
line  for  ΔCp.  However,  the  ΔH°  point  at  25ºC  was  attained  through  samples  at  a  higher 
concentration (GCDC ≈ 1mM and β-CD ≈ 10mM) as opposed to the rest of the points that were 
attained through a lower concentration (GCDC ≈ 0.5mM and β-CD ≈ 5mM). By removing the 
point at 25 ºC (graph 34) a more negative value for ΔCp, and for ΔASAnp, was obtained. This is in 
accordance with its high K values, since it has been discussed that having one less hydroxyl 
group will decrease the non-polar surface, as well as increase the binding strength between the 
BS and CD. 
The ΔH° plot for GDC for β-CD (graph 14) shows a high CI value at 40  and 50ºC and therefore 
it is difficult to discern whether the ΔCp value for GDC is reliable. In spite of this, the ΔASAnp 
for each BS is in compliance with our expectations (table 14).
β-CD
 ΔCp (cal/mol • ºC) ΔASAnp (Å2)
GC -56,39 -201,39
GDC -86,66 -309,51
GCDC -91,96 -328,45
Table 14: The values of ΔASAnp for β-CD after modifying data and obtaining new ΔCp values.
Graph  33: ΔH° values  for  GC (and β-CD)  and linear  regression  using  the  same data  as  Graph 13  and 
modifying it by removing the point at 40ºC due to the high CI. Therefore, the linear fit has changed. The slope 
indicates the ΔCp =-56,391 cal/mol/deg.
Graph  34: ΔH° values for GCDC (and β-CD) and linear regression using the same data as Graph 14 and 
modifying it by removing the point at 25ºC which had different concentrations of CD and BS, compared to the 
others at 30ºC, 40ºC and 50ºC. Therefore, the linear fit has changed. The slope indicates the  ΔCp =-91,966 
cal/mol/deg.
6. Conclusion
We can conclude that the β-CD binds stronger to GC and GCDC compared to HP-0.6-β-CD. This 
is not the case for GDC since we expected that the K value for GDC would not be similar to the 
K value for GC. We have also experienced high CI values for ∆H° and for ∆S° for GDC and β-
CD which indicate that the experiments were not as successful as hoped for.
It is apparent that the hydroxyl groups on C7 and C12 in BS play a role on the binding strength 
and the negative increase of the ∆Cp value from BS to BS. The removal of an -OH group on C7 
and on C12 will indeed increase the K value and the negative value ∆Cp (∆ASAnp). 
Judging by the topics that we have discussed above we can conclude that hydrophobic hydration 
is very likely to be the reason for the observed phenomenon in which ∆S° and ∆H° decrease with 
increasing  temperature.  Enthalpy-entropy  compensation  points  towards  this  hydrophobic 
hydration phenomenon, since increasing the temperature will change the ASA for each CD-BS 
combination. This can explain why ∆S° decreases when ∆H° decreases as well.
7. Perspectives
We have chosen four different temperatures for our experiments: 25, 30, 40 and 50°C and the 
highest temperature was the most difficult temperature to attain proper data. In order to minimize 
the risk of redoing samples, a lower temperature range would be more favourable, e.g. 10, 20, 30 
and 40°C.
The VP-ITC machine was shared among more users and located next to a fridge in a crowded 
laboratory. We experienced that we were more successful in obtainaing good data for the heat of 
dilution when no activity was taken place in the laboratory.
The results could be improved by increasing the number of replicas reducing high CI values.
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8. Appendix 
8.1 Disposition of the samples 
Experiments for measuring interactions between CDs and bile salts
25 oC 30oC 40oC 50oC
10.081 mM  hpo-0.6-β-CD 
+ 1.008 mM GC
10.081 mM  hpo-0.6-β-CD 
+ 1.008 mM GC
10.081 mM  hpo-0.6-β-CD 
+ 1.008 mM GC
10.081 mM  hpo-0.6-β-CD 
+ 1.008 mM GC
10.081 mM  hpo-0.6-β-CD 
+ 1.005 mM GDC
10.081 mM  hpo-0.6-β-CD 
+ 1.005 mM GDC
10.081 mM  hpo-0.6-β-CD 
+ 1.005 mM GDC
10.081 mM  hpo-0.6-β-CD 
+ 1.005 mM GDC
10.081 mM  hpo-0.6-β-CD 
+ 1.00486 mM GCDC
10.081 mM  hpo-0.6-β-CD 
+ 1.00486 mM GCDC
10.081 mM  hpo-0.6-β-CD 
+ 1.00486 mM GCDC
5.0405 mM  hpo-0.6-β-CD 
+ 5.0243 mM GCDC
10.0182  mM  β-CD  + 
0.985 mM GC
10.0182  mM  β-CD  + 
0.985 mM GC
10.0182 mM β-CD + 
0.985 mM GC
10.0182 mM β-CD + 0.985 
mM GC
10.0182mM β-CD + 1.005 
mM GDC
10.0182mM β-CD + 1.005 
mM GDC
10.0182mM β-CD + 1.005 
mM GDC
10.0182mM β-CD + 1.005 
mM GDC
10.0182 mM β-CD + 
1.00486  mM GCDC
5.0091 mM β-CD + 
0.50243 mM GCDC
5.0091 mM β-CD + 
0.50243 mM GCDC
5.0091 mM β-CD + 
0.50243 mM GCDC
Heats of dilution
10.081 mM  hpo-0.6-β-CD 
+ 50mM Buffer
10.081 mM  hpo-0.6-β-CD 
+ 50mM Buffer
10.081 mM  hpo-0.6-β-CD 
+ 50mM Buffer
10.081 mM  hpo-0.6-β-CD 
+ 50mM Buffer
5.0405 mM hpo-0.6-β-
CD+  50mM Buffer
10.0182 mM β-CD + 50 
mM Buffer
10.0182 mM β-CD + 50 
mM Buffer
10.0182 mM β-CD + 50 
mM Buffer
10.0182 mM β-CD + 50 
mM Buffer
5.0091 mM β-CD + 50 mM 
Buffer
5.0091 mM β-CD + 50 mM 
Buffer
5.0091 mM β-CD + 50 mM 
Buffer
5.0091 mM β-CD + 50 mM 
Buffer
Table15: this table shows what has been used in the experiments. Each experiment for the measurement of the 
binding interaction between a cyclodextrin and a bile salt has been made three times. The experiments for the 
heat of dilution have been made once for each different concentration of CD in the different temperatures. 
The cyclodextrin was always in the syringue, while the bile salt/buffer was in the cell.
8.2 HPO-0.6-β-CD
              HP-0.6-β-CD GC            HP-0.6-β-CD GDC               HP-0.6-β-CD GCDC
25ºC Data SD (±) CI 95% (±) 25ºC Data SD (±) CI 95% (±) 25ºC Data SD (±) CI 95% (±)
N 1,062 0,120 0,180 N 1,090 0,099 0,150 N 1,03 0,025 0,04
K 1380 225,906 335,33 K 3440 290,918 431,83 K 43700 1650,253 2449,58
∆H° -2955 59,84 67,95 ∆H° -2845 307,04 455,77 ∆H° -4430,67 28,94 42,95
ΔS° 4,437 0,289 0,43 ΔS° 6,630 0,871 1,290 ΔS° 6,370 0,114 0,17
30 ºC Data SD (±) CI 95% (±) 30 ºC Data SD (±) CI 95% (±) 30 ºC Data SD (±) CI 95% (±)
N 0,9 0,0432 0,06 N 1,0 0,0153 0,02 N 1,0 0,046 0,01
K 1480 30 44,53 K 2960 46,530 244,96 K 43700 2396,525 3557,32
∆H° -3439,330 84,973 126,13 ∆H° -3451 73,980 109,810 ∆H° -5214,33 45,938 68,19
ΔS° 2,29 1,301 1,93 ΔS° 4,5 0,352 0,52 ΔS° 4,03 0,061 0,09
40 ºC Data SD (±) CI 95% (±) 40 ºC Data SD (±) CI 95% (±) 40 ºC Data SD (±) CI 95% (±)
N 0,98 0,101 0,15 N 0,98 0,029 0,04 N 1,09 0,036 0,05
K 1160 248,934 369,51 K 2580 325,628 483,35 K 32500 1609,348 2388,86
∆H° -4217,33 232,513 345,13 ∆H° -4719,33 92,953 137,98 ∆H° -5744,33 130,592 193,85
ΔS° 0,51 1,032 1,53 ΔS° 0,53 0,489 0,73 ΔS° 2,3 0,355 0,53
50 ºC Data SD (±) CI 95% (±) 50 ºC Data SD (±) CI 95% (±) 50 ºC Data SD (±) CI 95% (±)
N 0,93 0,011 0,02 N 0,96 0,017 0,03 N 0,95 0,017 0,03
K 680 289,797 430,17 K 2420 436,616 648,1 K 29400 550,757 817,53
∆H° -5885,67 447,388 664,09 ∆H° -5296,67 533,900 792,5 ∆H° -7942 66,566 98,81
ΔS° -5,38 2,237 3,32 ΔS° -1,08 1,716 2,55 ΔS° -4,13 0,18 0,27
Table  16:  Data attained from the ITC for HP-0.6-β-CD and GC BS for 25, 30 40 and 50 ºC. The N value 
represents the stoichiometry, K for association equilibrium, ΔH° for the change in enthalpy and ΔS° for the 
change in entropy. The data values are mean values for three replicas and the SD was calculated accordingly, 
as well as the CI with a confidence limit of 95% with a t-value of 2.57.
8.3 β–CD
                          β-CD GC                           β-CD GDC                            β-CD GCDC  
25ºC Data SD (±) CI 95% (±) 25ºC Data SD (±) CI 95% (±) 25ºC Data SD (±) CI 95% (±)
N 0,934 0,049 0,072 N 1,097 0,031 0,045 N 0,982 0,036 0,053
K 2630 73,711 109,414 K 2690 87,369 129,688 K 121000 4163,332 6179,92
∆H° -5953,33 225,5 334,73 ∆H° -7079 163,33 242,44 ∆H° -6784,00 267,60 397,22
ΔS°  -4,317 0,799 1,187 ΔS°  -8,053 0,588 0,872 ΔS°  0,498 0,830 1,233
30 ºC Data SD (±) CI 95% (±) 30 ºC Data SD (±) CI 95% (±) 30 ºC Data SD (±) CI 95% (±)
N 0,9 0,0217 0,03226 N 1,1 0,0520 0,07713 N 1,1 0,0416 0,0618
K 2150 77,675 115,298 K 2230 36,056 53,5196 K 86900 6150 9128,96
∆H° -6387 348,729 517,642 ∆H° -7452,67 378,981 562,547 ∆H° -6629 264,557 392,7
ΔS°  -5,81667 1,206 1,78972 ΔS°  -9,26 1,211 1,79805 ΔS°  0,727933 0,746 1,10757
40 ºC Data SD (±) CI 95% (±) 40 ºC Data SD (±) CI 95% (±) 40 ºC Data SD (±) CI 95% (±)
N 0,908333 0,132 0,0196 N 1,096667 0,081 0,1209 N 1,07 0,01 0,01484
K 1460 55,678 82,6461 K 1540 120,968 179,561 K 59100 1795,36 2664,98
∆H° -7375,33 500,885 743,497 ∆H° -8221,67 676,447 1004,1 ∆H° -7657 153,698 228,144
ΔS°  -9,08 1,679 2,49166 ΔS°  -11,69 2,117 3,14262 ΔS°  -2,62 0,43509 0,64583
50 ºC Data SD (±) CI 95% (±) 50 ºC Data SD (±) CI 95% (±) 50 ºC Data SD (±) CI 95% (±)
N 0,941667 0,007 0,00988 N 1,042 0,137 0,20338 N 1,093333 0,032 0,04772
K 1100 26,458 39,2727 K 1069,33 71,002 105,394 K 35600 1457,166 2162,97
∆H° -7413,67 132,478 196,646 ∆H° -9261,33 698,831 1037,32 ∆H° -8468 256,899 381,332
ΔS°  -9,02667 0,420 0,62349 ΔS°  -14,8 2,166 3,21461 ΔS°  -5,37667 0,712 1,05717
Table 17: Data attained from the ITC for β-CD and GC BS for 25, 30 40 and 50 ºC. The N value represents 
the stoichiometry, K for association equilibrium,  ΔH° for the change in enthalpy and ΔS° for the change in 
entropy. The data values are mean values for three replicas and the SD was calculated accordingly, as well as 
the CI with a confidence limit of 95% with a t-value of 2.57.
8.4 Certificate of Analysis for GC
8.5 Certificate of Analysis for GDC
8.6 Certificate of Analysis for GCDC
8.7 Specification Sheet for β-CD
Product Name β-Cyclodextrin
Product Number W402826
Product Brand ALDRICH
CAS Number 7585-39-9
Molecular Weight 1134.98
 
TEST SPECIFICATION
APPEARANCE WHITE POWDER, CRYSTALS, CRYSTALLINE POWDER
 AND/OR CHUNKS
MELTING POINT 290-300 DEGREES CELSIUS
INFRARED SPECTRUM CONFORMS TO STRUCTURE.
OPTICAL ROTATION +162 (+/- 3) DEGREES (C=1.5%, H2O)
HIGH PRESSURE LIQUID 99.0% (MINIMUM)
LOSS ON DRYING 10%-13% LOSS
SOLUBILITY 0.15G/10ML, H2O; CLEAR, COLORLESS SOLUTION
 APPROVED MAY 31, 2006 RJM
8.8 Specification Sheet for HP-0.6-β-CD
Product Name (2-Hydroxypropyl)-β-cyclodextrin,
average Mw ~1,380
Product Number 332593
Product Brand ALDRICH
CAS Number 128446-35-5
 
TEST SPECIFICATION
Appearance (Color) White
Appearance (Form) Powder
Infrared spectrum Conforms to Structure
Ratio 0.5 - 0.7
 Molar Substitution Ratio Average
Optical Rotation 124 - 154
 Degrees C=1%, H2O
